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Human PUMILIO1 (PUM1) and PUMILIO2 (PUM2) are
members of the PUMILIO/FBF (PUF) family that regu-
late specific target mRNAs posttranscriptionally.
Recent studies have identified mRNA targets associ-
ated with human PUM1 and PUM2. Here, we explore
the structural basis of natural target RNA recognition
by human PUF proteins through crystal structures
of the RNA-binding domains of PUM1 and PUM2
in complex with four cognate RNA sequences, in-
cluding sequences from p38a and erk2 MAP kinase
mRNAs. We observe three distinct modes of RNA
binding around the fifth RNA base, two of which are
different from the prototypical 1 repeat:1 RNA base
binding mode previously identified with model RNA
sequences. RNA-binding affinities of PUM1 and
PUM2 are not affected dramatically by the different
binding modes in vitro. However, these modes of
binding create structurally variable recognition sur-
faces that suggest a mechanism in vivo for recruit-
ment of downstream effector proteins defined by
the PUF:RNA complex.
INTRODUCTION
RNA-binding proteins play critical roles in gene expression
through regulation of RNA splicing, localization, translation,
and decay. Members of the PUMILIO/FBF (PUF) family, named
after the two founding members Drosophila melanogaster
PUMILIO (PUM) and Caenorhabditis elegans fem-3 binding
factor (FBF), are RNA-binding proteins that regulate gene
expression posttranscriptionally. They induce mRNA decay or
repress translation (Wickens et al., 2002) and have recently
been shown to activate translation of some mRNA targets
(Kaye et al., 2009; Suh et al., 2009). PUF proteins exist exclu-
sively in eukaryotes and bind sequence specifically to regulatory
sequences in the 30UTRs of their target mRNAs. All PUF proteins
share a highly conserved RNA-binding domain known as the
PUMILIO-homology domain (PUM-HD) or PUF domain (Wharton
et al., 1998; Zamore et al., 1997; Zhang et al., 1997). Structural
studies of different PUF proteins with RNA have revealed the
details of their RNA recognition schemes (Gupta et al., 2008;
Miller et al., 2008; Wang et al., 2002, 2009b; Zhu et al., 2009).Structure 19,Crystal structures of the PUM-HD of human PUMILIO1
(PUM1) bound to the Nanos Response Element (NRE)
sequences in D. melanogaster hunchback (hb) mRNA provide
a prototypical model of modular RNA recognition (Wang
et al., 2002). The PUM-HD comprises eight a-helical PUM
repeats and two pseudo-repeats at the N and C termini, which
together adopt a crescent shape. The inner concave surface
binds target RNAs in an ‘‘anti-parallel’’ orientation with the
N-terminal end of the protein binding to the 30 end of the
RNA. Each PUM repeat recognizes one RNA base using three
side chains at specific positions in the repeat. Thus, eight
RNA bases are recognized by eight PUM repeats. We refer to
this as a 1:1 binding mode. Two side chains contact the Wat-
son-Crick edge of the base, and a third side chain stacks
with the same base and/or preceding base. Certain combina-
tions of side chains recognize particular RNA bases. Mutation
of these conserved combinations of residues allows design of
the RNA recognition specificity of PUM-HDs (Cheong and
Hall, 2006; Furman et al., 2010; Koh et al., 2009; Opperman
et al., 2005; Ozawa et al., 2007; Stumpf et al., 2008; Tilsner
et al., 2009; Wang et al., 2002, 2009a).
In contrast to other RNA-binding protein families with
hundreds of different family members per organism, the PUF
protein family is small. Humans and other mammals express
two PUF proteins, D. melanogaster expresses one, Saccharo-
myces cerevisiae expresses six, C. elegans expresses nine,
and Arabidopsis thaliana encodes up to 26. Each organism
expresses at least one PUF family member closely related to
human PUM1 and Drosophila PUM, which contains a PUM-HD
that binds to the recognition sequence found in hb mRNA,
50-UGUANAUA-30. All PUM-HDs bind to sequences containing
a 50 UGU sequence.
The identification of mRNA targets of PUF proteins has
revealed more variability in mRNA sequence recognition than
expected based on the 1:1 binding mode observed in crystal
structures of human PUM1 with hb RNA and the high conserva-
tion of RNA recognition side chains among PUF proteins. Yeast
Puf4p and Puf5p use eight PUM repeats to bind to sequences
containing, respectively, nine or ten bases starting from the 50
UGU (Gerber et al., 2004). Similarly, worm PUF proteins with
eight repeat PUM-HDs recognize longer RNA sequences (Koh
et al., 2009; Opperman et al., 2005; Stumpf et al., 2008). Crystal
structures of yeast Puf4p and worm FBF-2 demonstrate that
additional bases can be accommodated by direct stacking of
bases or flipping bases away from the RNA-binding surface,
influenced by changes in curvature of the RNA-binding surfaces
of these proteins (Miller et al., 2008; Wang et al., 2009b).361–367, March 9, 2011 ª2011 Elsevier Ltd All rights reserved 361
Table 1. Refinement Resolution and R Values
PUM1-HD PUM2-HD
RNA p38a NREa p38a NREb erk2 NRE erk2 NRE hb NRE1 p38a NREa p38a NREb erk2 NRE
PDB ID 3Q0L 3Q0M 3Q0N 3Q0O 3Q0P 3Q0Q 3Q0R 3Q0S
Resolution (A˚) 50–2.5 50–2.7 50–2.4 50–2.8 50–2.6 50–2.0 50–2.0 50–2.0
Completeness (%) 99.6 79.0 99.2 94.8 96.6 93.4 93.1 99.2
Rwork/Rfree (%) 19.2/25.9 21.2/29.8 20.2/26.0 22.4/29.7 19.3/26.1 19.4/25.7 20.7/25.7 20.7/24.9
See Table S1 for complete statistics.
Structure
Cognate RNA Recognition by PUM1 and PUM2Additional specificity of a PUM-HD is achieved by a specialized
binding pocket at the C-terminal end of the domain of Puf3p,
which specifically recognizes a cytosine two bases upstream
of the 50 UGUmotif (Zhu et al., 2009). A cytosine at this (2) posi-
tion is required for in vivo target recognition. Hence, PUF
proteins utilize binding modes in addition to 1 repeat:1 RNA
base to recognize RNA targets. As our understanding of the
structures and RNA target recognition by specific PUF proteins
grows along with corresponding knowledge of downstream
effects, computational prediction of binding modes and biolog-
ical effects may be possible.
Mammalian cells express two PUF proteins, PUM1 and PUM-
ILIO2 (PUM2), whose RNA-binding domains are highly similar to
D.melanogaster PUM (80% and 78% amino acid positions iden-
tical to PUM, respectively). Until recently, little was known about
target mRNAs of human PUM1 and PUM2. Several studies in the
past few years have identified mRNA targets associated with
human PUM1 and PUM2 and revealed the same consensus
recognition sequence as that of fly PUM, 50-UGUANAUA-30,
where N is A, U, or C (Galgano et al., 2008; Gerber et al., 2006;
Hafner et al., 2010; Morris et al., 2008).
The primordial function of PUF proteins appears to be regu-
lating germline stem cell differentiation (Wickens et al., 2002).
mRNAs of mitogen-activated protein (MAP) kinases have been
shown to be targets of PUF proteins in stem cells (Lee et al.,
2007). FBF regulates mapk/erk2 mRNAs in C. elegans germline
cells. Human PUM2 has been shown to downregulate the
expression of MAP kinase homolog mRNAs, p38a and erk2,
in human embryonic stem cells (Lee et al., 2007). These two
mRNAs contain sequences similar to the PUM consensus
sequence, and mutation of the UGU motifs in these
sequences results in reporter mRNAs refractory to PUM2
regulation.
These advances in the identification of native mRNA targets of
human PUF proteins prompted us to revisit how cognate RNA
target sequences are recognized and further examine human
PUF protein substrate specificities. We determined crystal
structures of PUM1-HD and PUM2-HD in complex with four
different RNA sequences, including three cognate target
sequences from MAPK homolog mRNAs. We also analyzed bio-
chemically the affinity and specificity of binding to these RNAs
by PUM1 and PUM2. We observe three different modes of
binding to RNAs around the fifth RNA base, which varies in the
consensus sequences. The different modes of binding do not
appear to affect binding affinity in vitro, but in vivo the pro-
tein:RNA complexes may present alternative recognition
surfaces that could direct downstream effector complex
formation.362 Structure 19, 361–367, March 9, 2011 ª2011 Elsevier Ltd All righRESULTS
Structural Overview of Human PUM1-HD and PUM2-HD
in Complex with Cognate RNAs
To examine recognition of natural mRNA target sequences by
human PUF proteins, we determined crystal structures of human
PUM1-HD and PUM2-HD bound to 8-nt recognition sequences
from the 30UTRs of p38a mRNA NREa (50-UGUAAAUA-30) and
NREb (50-UGUAGAUA-30) and erk2 mRNA NRE (50-UGUAC
AUC-30) (Table 1; see Table S1 available online). We also deter-
mined the crystal structure of PUM1-HD in complex with the
Drosophila hb mRNA NRE1 (50-UGUAUAUA-30). These RNA
targets share the PUM consensus recognition sequence:
U1G2U3A4N5A6U7A8, where N is any base. Per convention,
PUM recognition sequences are numbered beginning with the
conserved 50 UGU sequence.
The crystal structures of PUM1-HD and PUM2-HD in complex
with p38a NREa are used here to describe the general structural
features of these two homology domains (Figure S1). PUM1-HD
and PUM2-HD adopt similar folds, in agreement with their high
amino acid sequence conservation (94% of amino acid residues
are identical). As noted previously for PUM1-HD, the eight PUM
repeats (R1–R8) in PUM2-HD form a crescent shape flanked by
two pseudo-repeats (R10 and R80), one at each terminus
(Figure 1A).
Structural alignments of PUM1-HD and PUM2-HD reveal
a subtle difference in their overall curvatures (Figure 1B). The
root-mean-square deviation (rmsd) over 342 Ca atoms in
PUM1-HD and PUM2-HD is 4.4 A˚, but the rmsd decreases to
1.7 and 1.3 A˚, respectively, by aligning separately the two corre-
sponding regions R10–R3 (133 Ca atoms) and R4–R80 (209 Ca
atoms) in PUM1-HD and PUM2-HD. Aligning other correspond-
ing fragments does not reduce the rmsd. Thus, a shift to a flatter
curvature in PUM2-HD is centered near the transition from
repeat 3 to repeat 4. The flatter curvature is also observed in
mouse PUM2-HD (Jenkins et al., 2009), with an rmsd of 2.1 A˚
over 322 Ca atoms when compared to human PUM2-HD (99%
of amino acid residues are identical). As with human PUM1-
HD, it appears that the overall structure of PUM2-HD does not
change upon RNA binding.
As for all PUF proteins, the inner concave surfaces of PUM1
and PUM2 serve as the platforms for RNA binding. Recognition
of the conserved 50 U1G2U3A4 and 30 A6U7 regions is identical
in all structures to that observed previously for PUM1-HD.
Similarly, recognition of A8 in the p38a and hb sequences is
conserved in PUM1 and PUM2. However, the eighth base in
the PUM2 target erk2mRNA is C8 instead of A8, which is defined























Figure 1. Crystal Structures of Human PUM1-HD and
PUM2-HD in Complex with p38a NREa RNA
(A) Ribbon diagram of PUM2-HD in complex with p38a NREa
(UGUAAAUA). PUM repeats are colored alternately light blue
and orange. The RNA is colored according to atom type
(gray, carbon; red, oxygen; blue, nitrogen; orange, phos-
phorus). The fifth RNA base and the side chain of Arg888 are
colored cyan. Protein side chains that contact the RNA bases
are shown.
(B) Superposition of Ca traces of PUM1-HD:p38a NREa (blue)
and PUM2-HD:p38a NREa (orange). The two structures are
aligned over PUM repeats R4–R80. The figures were prepared
with PyMOL (DeLano, 2002).
See also Figure S1 for a stereo view of a PUM2-HD Ca trace.
Structure
Cognate RNA Recognition by PUM1 and PUM2PUM1 RNA-binding sequences is less than 5% (Morris et al.,
2008). Nevertheless, recognition of C8 in the erk2 mRNA
sequence by PUM1-HD and PUM2-HD resembles that of A8
(Figure 2). A glutamine in PUM repeat 1 (Gln867 in PUM1 or
Gln745 in PUM2) contacts the Watson-Crick edge of A8 or C8,
which is stacked between arginine (Arg864 in PUM1 or Arg742
in PUM2) and tyrosine (Tyr900 in PUM1 or Tyr778 in PUM2)
residues. Similarly, the first repeat of C. elegans FBF-2 can
recognize different RNA bases using identical side chains
(Wang et al., 2009b), although A is preferred in selection exper-
iments, and other residues appear in natural target sequences
(Bernstein et al., 2005; Opperman et al., 2005).
Crystal structures of PUM1-HD and PUM2-HD in complex
with natural target RNA sequences from p38a and erk2 reveal
how different bases are accommodated at the fifth position.
These natural target RNAs contain A5, G5, or C5, and consensus
RNA recognition sequences indicate that PUM1-HD and
PUM2-HD bind to RNAs with different bases at the fifth position
















Figure 2. Recognition of the Eighth RNA Base by PUM2
Interaction of PUM repeat 1 of PUM2 with (A) A8 in p38a NREa and (B) C8 in erk2 NRE.
(C) Superposition of (A) and (B). Structures are shown as in Figure 1 with the carbon atoms in p38a
bonds are indicated by dashed lines.
Structure 19, 361–367, MarRecognition of the Hoogsteen Edge
of the Fifth RNA Base
When the fifth RNA base is A (as in p38a NREa),
both PUM1-HD and PUM2-HD recognize the
Hoogsteen edge of A5 with a conserved glutamine
residue (Gln975 in PUM1 and Gln855 in PUM2)
(Figures 3A and 3B). In order to present the Hoogs-teen edge of A5, the p38a NREa RNA backbone in the PUM1-
HD or PUM2-HD structure adopts a different conformation
from that observed in the previously determined PUM1-HD
structures in which the Watson-Crick edge of the fifth RNA
base is recognized (Figure S2) (Wang et al., 2002). The ribose
group of A5 is in a C20-endo conformation, and Tyr1005 of
PUM1 (Tyr885 of PUM2) forms a hydrogen bond with the phos-
phate group between A5 and A6. PUM1 and PUM2 adopt
different strategies for recognizing A6. PUM1 contacts the
Hoogsteen edges of both A5 and A6, whereas PUM2 recognizes
the Watson-Crick edge of A6 instead. Similar changes in the
RNA backbone conformation and presentation of the Hoogs-
teen edge of adenosine were also observed for the Puf3 protein
of S. cerevisiae (Zhu et al., 2009). Puf3p recognizes the Hoogs-
teen edges of A5 and A6 in the COX17 Puf3p binding site A, and
Tyr695, equivalent to PUM1 Tyr1005 and PUM2 Tyr885, also
makes a hydrogen bond with the phosphate group between
A5 and A6. Thus, this feature of PUF protein RNA recognition










NREa colored gray and erk2NRE colored light cyan. Hydrogen
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Figure 3. Recognition of Purine Bases at the Fifth Position by PUM1 and PUM2
The Hoogsteen edges of the fifth purine bases are recognized by PUM1 and PUM2, as in (A) PUM1:p38aNREa, (B) PUM2:p38aNREa, and (C) PUM2:p38aNREb.
Structure
Cognate RNA Recognition by PUM1 and PUM2We saw a difference in recognition of A5 for the second
PUM1-HD:p38a RNA complex in the asymmetric unit. In this
complex PUM1 instead recognizes the Watson-Crick edge of
A5. This difference is influenced by crystal packing. Tyr1005 in
PUM1,whichwould have supported anRNAbackboneconforma-
tion change to present the Hoogsteen edge, forms a hydrogen
bondwith the side chain of Glu912 from a symmetry-relatedmole-
cule. This crystal contact prohibits Tyr1005 from stabilizing the re-
arrangement of the backbone of p38a NREa between A5 and A6.
When the fifth RNA base is G (as in p38a NREb), both PUM1
and PUM2 recognize the Hoogsteen edge of G5 instead of the
Watson-Crick edge. As with A5, the ribose group of G5 is in
a C20-endo conformation, and a tyrosine residue (Tyr1005 in
PUM1 or Tyr885 in PUM2) makes a hydrogen bond with the
phosphate group between G5 and A6, stabilizing this conforma-
tion (Figure 3C). Thus, it appears that a general mechanism for
accommodating purine bases at the fifth position is to present
the Hoogsteen edge, and PUM1 and PUM2 can recognize either
the Watson-Crick or Hoogsteen edges of bases.
A Distinct Base-Omission Binding Mode
at the Fifth RNA Base
When the fifth RNA base is C (as in erk2NRE), we observe a third


















364 Structure 19, 361–367, March 9, 2011 ª2011 Elsevier Ltd All righthe base-omission mode (Figure 4A). In structures of PUM1-HD
and PUM2-HD in complex with RNA, the side chain of a
conserved arginine in repeat 4 (Arg1008 in PUM1 or Arg888 in
PUM2) is typically inserted between the fourth and fifth bases
of the RNA, forming stacking interactions with both bases.
However, in the structures of PUM1-HD:erk2 NRE and PUM2-
HD:erk2 NRE (monoclinic C2 crystal form), C5 stacks directly
with A4, and the base is not contacted by repeat 4 of PUM1-
HD or PUM2-HD. The arginine side chain that would have
stacked between bases 5 and 6 of the erk2NRE instead interacts
with the RNA backbone of bases 5 and 6.
Alternatively, recognition of the Watson-Crick edge of C5 by
repeat 4 can occur. In another crystal form of PUM1-HD:erk2
NRE reported here (orthorhombic p212121) and in the previously
described crystal structure of PUM1-HD with hb NRE2, Gln975
in repeat 4 recognizes the Watson-Crick edge of C5, and
Arg1008 stacks with both A4 and C5 (Figure 4B). Thus, PUM1-
HD, and possibly PUM2-HD, can bind erk2 NRE in both 1:1
binding and base-omission modes.
RNA-Binding Preferences of PUM1-HD and PUM2-HD
Given the three observed binding modes to the fifth base of
natural target RNA sequences (1:1 Watson-Crick or Hoogs-




Figure 4. Base-Omission Mode of Recognition of the
Fifth RNA Base
PUM1 and PUM2 can recognize the C5 RNAbase with both (A)
the base-omission mode in PUM2:erk2 NRE and (B) the 1:1
binding mode in PUM1: erk2 NRE. See also Figure S2 illus-
trating the recognition of U5 and C5 by PUM1.
ts reserved
Table 2. RNA-Binding Analyses of PUM1 and PUM2
RNA Sequence Kd (nM)
RNA 1 2 3 4 5 6 7 8a PUM1 PUM2
p38a NREa UGU AA AUA 0.91 ± 0.08 0.17 ± 0.02
p38a NREb UGU AG AUA 0.63 ± 0.01 0.08 ± 0.01
erk2 UGU AC AUC 19.02 ± 2.09 11.07 ± 1.15
hb NRE1 UGU AU AUA 0.40 ± 0.01 0.36 ± 0.02
hb NRE2 UGU AC AUA 1.01 ± 0.05 0.07 ± 0.01
Boldface letters indicate substitutions relative to the p38a NREa
sequence. See Figure S3 for representative data.
aNumbers indicate positions in the core recognition sequence.
A B
Base-omission mode 1:1 binding mode
Figure 5. Different Modes of RNA Binding May Present Alternative
Recognition Surfaces for Downstream Effector Proteins
Surface representation of PUM1-HD:erk2 NRE (UGUACAUC) in (A) the base-
omission mode and (B) the canonical 1:1 mode. RNA bases and protein
residues with different conformations in both modes are colored by atom
type (green, carbon; red, oxygen; blue, nitrogen; orange, phosphorus), and
the rest of the structure is colored gray.
Structure
Cognate RNA Recognition by PUM1 and PUM2examine whether these changes in structure correlate with
changes in RNA-binding affinity. We used electrophoretic
mobility shift assays (EMSAs) to measure binding affinities of
PUM1-HD and PUM2-HD for 8-nt PUM recognition sequences
in natural target mRNAs. Both PUM1-HD and PUM2-HD have
strong affinities for the cognate 8-nt sequences, with Kds for
PUM1-HD of 0.63–19 nM and for PUM2-HD of 0.08–11.1 nM
(Table 2; Figure S3). For both PUM1-HD and PUM2-HD, the
weakest binding RNA was the erk2 NRE sequence, which bears
a C5 and a C8.
Because the consensus PUM recognition sequences from
genomic screening suggest that PUM1-HD and PUM2-HD can
bind to any base at position 5, we tested binding to hb NRE1
(50-UGUAUAUA-30) and NRE2 (50-UGUACAUA-30), which
contain U5 and C5, respectively, and are bound by PUM1-HD
in 1:1 Watson-Crick binding mode (Figure S2) (Wang et al.,
2002). PUM1-HD and PUM2-HD bind tightly to hb NRE1 (U5),
hb NRE2 (C5), p38a NREa (A5), and p38a NREb (G5). Thus,
neither the identity of the fifth base nor the bindingmode appears
to affect binding affinity dramatically. In addition the number of
observed hydrogen bonds to the fifth base (zero to two in the
crystal structures) does not appear to correlate with affinity, likely
due to the larger binding energy associated with the stacking
interactions. Consequently, C5 in erk2 NRE and the base-omis-
sion mode of binding are unlikely to cause the weaker binding of
this RNA. However, by comparing binding to erk2NRE versus hb
NRE2, we conclude that the affinity difference is due to the C at
the eighth position in the erk2 NRE sequence. This preference is
consistent with the low frequency of appearance of C at position
8 in mRNAs associated with PUM1 (Morris et al., 2008).DISCUSSION
Although human PUM1 has been a prototypical model for RNA
recognition by PUF proteins, recognition of cognate RNAs by
human PUM proteins remained unexplored due to little informa-
tion about their natural mRNA targets. Our study here has iden-
tified distinct binding modes by PUM1-HD and PUM2-HD near
the fifth RNA base in cognate mRNA targets. In the 1:1 binding
mode, the Watson-Crick or Hoogsteen edge of the fifth RNA
base is recognized by the fourth PUM repeat. Alternatively, in
the base-omission mode, a C5 RNA base stacks directly with
the preceding A4 and is not contacted by the protein. This flex-
ibility of human PUM proteins allows a broader range of RNA
target sequences to be recognized. In general, PUM1-HD andStructure 19,PUM2-HD adopt identical RNA-binding modes and have similar
binding affinities with cognate RNA sequences, consistent with
the finding that they share the majority of their natural RNA
substrates (Galgano et al., 2008).
Our discovery of the alternative recognition modes used by
PUM1-HD and PUM2-HD suggests that they are general mech-
anisms to broaden specific RNA recognition by PUF proteins.
Similar features have been observed in crystal structures of other
PUF proteins. For example, Puf4p from S. cerevisiae and FBF-2
from C. elegans both utilize the base-omission mode with the
fourth and fifth bases of target RNAs directly stacking. For
Puf4p and FBF-2, the direct stacking of the fourth and fifth bases
appears to be part of RNA conformational changes that may be
necessary for binding of nine RNA bases by the eight repeat
proteins. This does not seem to be the case for PUM1 and
PUM2 because the experimentally determined consensus
sequences suggest binding to a well-conserved eight base
sequence. Noncognate 9-nt RNA sequences can be accommo-
dated in vitro by PUM1-HD, but the base-omission mode is not
observed (Gupta et al., 2008).
The distinct binding modes do not appear to alter binding
affinity to RNA target sequences. Yet, they do present differing
recognition surfaces that could be specific for downstream
factors. For example, PUM1 is able to bind to erk2 NRE with
both the base-omission and 1:1 binding modes. The charge
distribution on the protein surface differs for the two binding
modes, which also have different shape complementarities for
potential effector proteins (Figure 5). Currently, little is known
about additional factors in human PUF protein effector
complexes, but in Drosophila, the interaction of NANOS and
BRAIN TUMOR proteins with DmPUM requires hb mRNA (So-
noda and Wharton, 1999). The conformation of the bound RNA
could influence the interaction with components of effector
complexes. Similarly, flipped bases observed in crystal struc-
tures of yeast Puf4p and worm FBF can vary the recognition
surfaces of PUF protein:RNA complexes presented to other
molecules. Such differences could explain the different361–367, March 9, 2011 ª2011 Elsevier Ltd All rights reserved 365
Structure
Cognate RNA Recognition by PUM1 and PUM2outcomes of PUF protein:RNA target interaction such as mRNA
decay (Wickens et al., 2002), translational repression (Chritton
andWickens, 2010; Wickens et al., 2002), or translational activa-
tion (Kaye et al., 2009; Suh et al., 2009).
EXPERIMENTAL PROCEDURES
Preparation of Human PUM1-HD and PUM2-HD and Protein:RNA
Complexes
PUM1-HD was expressed and purified as described previously (Wang et al.,
2001). A cDNA encoding human PUM2-HD (Gly706-Gly1056) was amplified
from a pOTB7 vector containing a partial human PUM2 cDNA (Open Biosys-
tems) and inserted into the pDEST527 plasmid encoding an N-terminal
six-histidine tag using the Gateway TOPO cloning method (Invitrogen). His-
PUM2-HD was expressed in Rosetta2 (DE3) Escherichia coli cells (Novagen),
which were induced with 0.2 mM IPTG at 16C overnight. Cell pellets were
resuspended in cell lysis buffer (20 mM Tris-HCl [pH 7.5], 100 mM NaCl, and
5 mM beta-mercaptoethanol) and subsequently lysed by sonication. His-
PUM2-HDwas purified from the soluble fraction using Ni-NTA resin (QIAGEN).
The resin was washed extensively with lysis buffer and with lysis buffer con-
taining 1MNaCl. The fusion protein was eluted from the Ni-NTA resin with lysis
buffer containing 250mM imidazole. The eluate was then dialyzed against lysis
buffer at 4C to remove the imidazole, and 1% (w/w) TEV protease was added
to remove the N-terminal six-histidine tag from the fusion protein. PUM2-HD
was further purified on a Heparin HiTrap column (Buffer A: 20 mM Tris-HCl
[pH 7.5] and 5 mM beta-mercaptoethanol; Buffer B: 20 mM Tris-HCl [pH
7.5], 1M NaCl, and 5 mM beta-mercaptoethanol) followed by a Superdex
200 10/300 column (GE Healthcare) pre-equilibrated with lysis buffer. Purified
PUM2-HD was concentrated to 3 mg/ml in lysis buffer.
RNA oligonucleotides were obtained fromDharmacon (Lafayette, CO, USA).
PUM1-HD or PUM2-HDwas incubated with cognate RNA substrate at amolar
ratio of 1:1.1 overnight at 4C. Protein:RNA mixtures were purified with
a Superdex 200 10/300 column run with lysis buffer. Fractions containing
protein:RNA complex were pooled and concentrated to 3 mg/ml.
Crystallization and Structure Determination
Both monoclinic and orthorhombic crystals of PUM1-HD:RNA complexes
were obtained by hanging drop vapor diffusion at 20C. One microliter of
PUM1-HD:RNA solution was mixed with 1 ml of well solution containing
15%–20% (w/v) PEG 3350, 100 mM Li2SO4, and 100 mM Na3Citrate (pH
5.5–6.0). Crystals were transferred into a cryoprotectant solution containing
22% (w/v) PEG 3350, 100 mM Li2SO4, 100 mM Na3Citrate (pH 5.5), and
15% (v/v) ethylene glycol and flash cooled in liquid nitrogen. Both triclinic
and monoclinic crystals of PUM2-HD:RNA complexes were crystallized by
vapor diffusion in either hanging or sitting drops at 20C. Three microliters of
PUM2-HD:RNA solution were mixed with 1.5 ml of well solution containing
17%–20% (w/v) PEG 3000, 100 mM Na3Citrate (pH 5.0–6.0). PUM2-HD:RNA
crystals were flash cooled in liquid nitrogen after incubation in a cryoprotectant
solution with 22% (w/v) PEG 3000, 100mMNa3Citrate, and 15% (v/v) ethylene
glycol. Diffraction data were collected at180Cwith a Rigaku microMAX 007
X-ray generator equipped with a Saturn92 CCD detector. All data sets were in-
dexed, integrated, and scaled with the HKL2000 suite (Otwinowski and Minor,
1997).
The structures of PUM1-HD:RNA and PUM2-HD:RNA complexes were
determined by molecular replacement using the structure of PUM1-HD (PDB
ID: 1M8Y) as a search model with Phaser (McCoy et al., 2007) and AMoRe
(Navaza, 1994). Iterative model building was carried out with O (Emsley and
Cowtan, 2004; Jones et al., 1991) and COOT (Emsley and Cowtan, 2004).
Torsion angle, positional, B-factor, and TLS refinement were performed in
CNS (Brunger et al., 1998) and PHENIX (Adams et al., 2010). All structures
were evaluated with the program MolProbity (Davis et al., 2007), with no
outliers detected in both protein and nucleic acid geometry.
EMSAs
Detailed procedures for the RNA-binding assay were described previously
(Cheong and Hall, 2006; Wang et al., 2002; Wang et al., 2009b), except that
PUM1-HD or PUM2-HD was incubated with 32P-radiolabeled RNAs for 16 hr366 Structure 19, 361–367, March 9, 2011 ª2011 Elsevier Ltd All righat 4C prior to the electrophoresis. All binding experiments were done at least
in triplicate, and a representative experiment is shown in Figure S3. The
percentage of active PUM1-HD (88%) or PUM2-HD (93%) in each protein
preparation was determined by size-exclusion chromatography (Cheong
and Hall, 2006). All dissociation constants were adjusted based on the
percentage of active protein to allow direct comparison between different
proteins.
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